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Measurements in the lower mass region of 50-400 atomic mass units (amu) were underperforming in our data, but this can be corrected with our method, leading to an improvement of MMA that will be instrumental for mass-based metabolite identification [1] [2] [3] [4] [5] [6] [7] . The subsequent mass chromatogram matching exploits the high MMA for the robust retrieval of mass chromatograms, even when the shape of the mass chromatogram cannot be defined reliably, as happens when the intensity is close to the noise level. This approach is based on the fact that noise is not likely to occur at the same location repeatedly in multiple profiles. Moreover, as the proposed method is independent of mass range, it is equally suitable for metabolomics and proteomics applications, with some restrictions as discussed below. In our method, the ubiquitous presence of background ions in LC-MS profiles is exploited for the definition of alignment and internal mass calibration functions, achieving an improvement of at least one order of magnitude compared to the original accuracy. Although background ions represent a major problem in traditional mass spectrometry (masking compounds of interest), in this paper we demonstrate that they are useful in high-resolution measurements. The resolving power of the machine easily separates the background ions from most other compounds, and they can be utilized as free internal lock masses. We focus our discussion on data from the recently introduced LTQ-Orbitrap [3, [8] [9] [10] [11] [12] [13] [14] [15] , which has been reported to achieve an MMA of below 1 ppm in proteomics experiments under optimized conditions [8, [13] [14] [15] [16] [17] . Routine operation, however, generally yields lower performance.
The proposed method (outlined in Figure 1 ) starts with the selection of a suitable reference LC-MS profile to which masses of the other profiles will be aligned.
Background ions in the reference are detected and identified based on their precise median mass using a list of commonly occurring background ions (see Supplementary   Tables 1 and 2 online) . This identification can be automated, although some manual intervention is recommended to prevent misidentifications (for example by removing outliers) and to extrapolate the mass range to areas not covered by identified background ions. Using the difference between the observed and known masses of positively identified background ions allows calculation of an internal mass calibration function.
Subsequently, all LC-MS profiles are automatically mass aligned with the reference by using the detected background ions as landmarks, and the calibration function is applied.
Finally, mass chromatograms are detected and quantified across LC-MS profiles, exploiting the accuracy of the aligned and calibrated masses. Additional mass accuracy is attained by taking the intensity of mass measurements into account (see Supplementary   Figure 2 online).
MATERIALS AND METHODS

Dataset
Data were acquired with a ZIC-HILIC HPLC (5 µm 150 × 4.6 mm acquired from HiChrom, Reading U.K.) coupled to an LTQ-Orbitrap (Thermo Fisher Scientific) in both positive and negative ionization centroid mode (for more information on the setup of the equipment see [18] ). The data was exported to a human readable text format with the File Around 100 background ions were detected in each of the LC-MS profiles (background ion detection settings: precision 2 ppm, present in at least 18% of scans). The detected background ions typically cover a mass range of 60 -750 amu, and 12 background ions could be molecularly identified in a typical sample (using the list of common background ions supplied in Supplementary Table 1 and 2 online) .
Culture and extraction
Trypanosoma brucei procyclic form (PCF) strain 427 were cultivated in SDM79 [19] and an SDM derived medium (SDM80), supplemented with either 10 mM glucose or 10 mM proline [20] , at 28 °C in an atmospheric incubator. SDM79 was supplemented with 10% (v/v) heat-inactivated FCS (for SDM80, FCS was dialysed against 0. 15 
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Internal mass alignment with background ions
This procedure makes up step (3) of the procedure described in Figure 1 . As an automatic precursor to the internal mass calibration we introduce a mass alignment method, which uses background ions of an LC-MS profile as its landmarks. Each background ion in the reference is matched to the closest mass in the profile to be aligned toward the reference, within a certain mass window. Additional filters, based on the number of individual mass measurements and the scan where the background ion starts to be detected, reduce spurious matches and make the technique more robust. The mass difference between matched pairs of background ions is a descriptor of the misalignment between the two profiles. As background ions are found in a large portion of the mass range, they give a complete description of the misalignment. An appropriate function can be fitted to the differences between the matched pairs and describes the transformation needed to align the two profiles. For the dataset used for this paper a linear transformation was performing well for the mass alignment; however more complex functions can also be used with this method.
Internal mass calibration with identified background ions
This procedure makes up step (4) of the procedure described in Figure 1 . Because a background ion is, by definition, present almost ubiquitously in a large number of scans, its mass is measured many times in a single LC-MS profile. Taking the median of all observations yields a very precise mass estimate. To calibrate a profile, this observed mass needs to be compared to the expected accurate mass. For the identification of detected background ions we have compiled a comprehensive list of frequently occurring background ions [21] [22] [23] (see Supplementary Tables 1 and 2 online) . Their accurate mono-isotopic mass was calculated using the most up-to-date atomic weight information available [24] . The match between detected and commonly occurring background ions was made using an initial window of ±20 ppm. The list of matches can be validated by making MS/MS identifications or by exploiting the isotope patterns, which are available for highly abundant background ions (where each isotopomer is itself a background ion).
We identified low-molecular weight polymers (polyethylene glycol, polypropylene glycol), solvent derivatives (acetonitrile adducts), and phthalate plasticizers from the laboratory equipment as prominent background ions in this dataset. By fitting a function to the found biases, a calibration function is calculated. This function is used to calibrate the masses in all profiles after alignment.
The list of common background ions for the negative ionization mode is much shorter than that for the positive ionization mode (see Supplementary Tables 1 and 2 online). This can make identification of suitable ions for calibration more difficult for negative ionization mode data. This is likely to change, once targeted effort is put into identifying additional common background ions, as the number of detected (but still unidentified) background ions is just as high for the negative as for the positive ionization mode. For the time being, however, the iterative calibration strategy discussed below could be used instead.
The calculated mass calibration function is used across all scans and for all an intensity dependency of mass accuracy [13] ; however, after internal mass calibration as described here this dependency is taken into account by calculation of a weighted mean mass for each chromatogram (see [14] and below).
Mass chromatogram detection
This procedure makes up step (5) of the procedure described in [14] . To crudely resolve overlapping peaks, which are relatively rare in high-resolution data, a running mean smoothing and a local minima detection method is applied: mass chromatograms are broken up when the intensity of the local minimum lies below the baseline for the detected mass chromatogram. In order to obtain the most accurate mass a weighted mean is calculated, which takes the intensity of a centroid mass as an indicator of precision.
Low intensity masses display a greater deviation from the correct mass than highly intense masses (see Supplementary Figure 2 online).
Mass chromatogram matching
This procedure makes up step (6) of the procedure described in This iterative approach yields reliable results even for low-intensity signals, due to the mass alignment across samples.
Retention time alignment
For the retention time alignment profiles were shifted by a constant amount so as to maximize the Pearson correlation coefficient between the total ion chromatograms. More sophisticated warping was not required as no complex retention time drift was observed. 
RESULTS
Mass accuracy of the detected background ions
ppm).
The MMA for the same molecules after calibrating the aligned spectra using the function indicated is improved to an absolute median of 0.11 ppm, much lower than results reported previously for this type of equipment [9, [12] [13] [14] . The use of ubiquitous background ions yields particularly precise mass estimates, hence this value indicates the maximum precision that is currently possible using this instrumentation.
Mass accuracy of biomolecules in the samples
To further explore the achieved MMA, independently of the background ions, we examined common amino acids, which are abundantly present in our cultured trypanosome samples. In Table 1 we show that all 20 common amino acids are detected using a mass window of ±30 ppm. The absolute median mass accuracy is an astonishing 0.18 ppm (standard deviation 0.10 ppm). We also extended the analysis to a larger set of 1142 common biochemicals taken from the KEGG database, which are potentially present in our samples. We detected 94 (8%) of them in a mass window of 10 ppm in a calibrated profile, and the MMA remains well within 0.4 ppm, with a absolute median accuracy of 0.21 ppm (standard deviation 0.21 ppm).
Results of mass chromatogram matching
The excellent MMA, resulting from the described background-based calibration, also facilitates mass chromatogram picking and matching across samples. For example, in the dataset used for this paper two different sample types are compared: trypanosomes grown in either glucose-or proline-enriched medium. These samples should show well-defined differences in abundance for a set of compounds in central carbon and energy metabolism. In Figure 3a and 3b the mass chromatogram comparisons are shown for glucose and proline, after matching based on calibrated mass and retention time. It is clear that both compounds are differentially abundant and that the direction of the difference matches expectations (i.e., the proline samples contain more proline than the glucose samples). In Figure 3c it is furthermore shown that the high MMA allows even very low intensity peaks to be robustly found and compared. A peak found in all replicates, within a very narrow mass and time window, can be considered to correspond to a real compound. In Figure 3d /e the global metabolic difference profile of glucoseand proline grown samples is shown. Two observations are important here: (1) most metabolites are not differentially abundant (black circles), indicating that the samples are correctly aligned. (2) On the other hand, the specific differentially abundant compounds are highly informative about the respective metabolic pathways operative in these two sample types. Almost all of the identified metabolites are linked to the two alternative pathways of energy production used by glucose-or proline-grown cells [20] .
DISCUSSION
In LC-MS experiments, retention time alignment is a well-researched topic [25] , while alignment and internal mass calibration on the mass dimension are still largely unexplored, although efforts in this field are currently starting [26] . The dataset used for this paper clearly indicated the need for alignment and internal mass calibration, even though good practices (such as use of internal calibration masses) were applied. For larger datasets, acquired over a longer period, the variation will be even greater. We have
shown that the MMA of LC-MS data generated with the LTQ-Orbitrap can be radically improved by applying a calibration function calculated from information provided by the detected background ions. The near-ubiquity of these background ions in all scans provides a large number of measurements allowing for very precise mass estimations and robust landmarks for aligning and calibrating multiple LC-MS profiles. In order to make full use of this method, the list of commonly occurring background ions can be extended with compounds specific for a laboratory, resulting in an extension of the well-calibrated mass range. In addition, iterative calibration based on identified mass chromatograms will further improve the results. This is particularly relevant for proteomics data:
background ions, and in particular identified background ions for calibration, become rarer in the higher mass range. This limitation can be overcome by intentionally adding calibrants (e.g. series of high-molecular weight polymers), but is most suitably addressed by using reliably identified peptides for iterative recalibration. The resulting accuracy translates into improved alignment and quantification across spectra, and reproducibly reaches a level that will be suitable for mass-based metabolite identification [5, 6, 27] and metabolic network reconstruction [1, 2, 4] . 
